The isolation and characterization of a cuproprotein, erythrocuprein, from normal human erythrocytes have been described recently (1) (2) (3) . Preliminary studies indicated that normal human erythrocytes contain about 30 to 36 mg of erythrocuprein per 100 ml of packed cells (1) . Since erythrocytes are known to hold about 100 ,ug of copper per 100 ml of packed cells (4) , and since erythrocuprein carries 3.4 /Ag of copper per mg of protein, we suggested that erythrocuprein accounts for most of the copper in erythrocytes.
It became apparent in the course of further investigation that the anti-erythrocuprein serum used in the preliminary studies contained antibody to an erythrocyte component other than erythrocuprein and that the erythrocuprein concentrations reported were erroneously high. A modified technic for purification of erythrocuprein, as well as immunological evidence for the homogeneity of the purified product, are presented in this report. We shall also report studies of erythrocuprein in normal human erythrocytes and in those from patients with various diseases. Since erythrocuprein accounted for only about 60 per cent of the erythrocyte copper, observations are included on the preliminary separation of an additional erythrocyte copper component (s).
METHODS
Preparation of erythrocuprein. Erythrocuprein was prepared from normal human erythrocytes by a modification of the method described previously (1) . The sub-* This investigation was supported in part by Contract AT(11-1)-82, Project 6, between the University of Utah and the U. S. Atomic Energy Commission, and in part by Research Grant A-4489 and Graduate Training Grant 2A-5098 from the National Institute of Arthritis and Metabolic Diseases. A preliminary report of some of the studies described here was presented at the 138th meeting of the American Chemical Society, New York, N. Y., September 11, 1960. t Present address: Dept. of Medicine, University of Cincinnati, Ohio. stances recovered from the lead acetate precipitation (step 3) were dialyzed free of phosphate ion and stored as a lyophilized powder (LP); 1 to 2 g of LP was chromatographed ( Figure 1A ) on a 5 cm (47 mm internal diameter) X 40 cm column containing 100 g diethylaminoethyl (DEAE)-cellulose, prepared by the method of Peterson and Sober (5) . A linear phosphate concentration gradient with a constant pH of 6.8 was used. The erythrocuprein-containing fractions were identified by the high copper to nitrogen ratio and the reaction with specific antiserum in the agar diffusion technic, as described below. The fractions containing erythrocuprein from several chromatograms were then pooled and rechromatographed ( Figure 1B ) under conditions identical with those used in the first chromatogram.
The erythrocuprein obtained was homogeneous in the ultracentrifuge. The molecular weight of the protein, determined by the Archibald approach to equilibrium as modified by Schachman (6) , was 31,000 ± 6 per cent.
The copper (,ug) to nitrogen (mg) ratio was 23.0.
Preparation of antiserum. Rabbits were immunized at weekly intervals for 4 weeks. After a rest period of 1 month a second course of four weekly injections was given. Each subcutaneous injection contained erythrocuprein (0.25 mg) or LP (20 mg) dissolved in 0.5 ml of 0.85 per cent sodium chloride, 0.5 ml of 15 per cent Arlacel A (vol/vol) in Bayol F,1 and 1 mg of heat-killed tubercle bacilli. After immunization was complete the serums from several rabbits were pooled and merthiolate was added to the serum to a final concentration of 1: 10,-000. The pooled antiserum was stored at 50 C.
Evidence for the immunologic homogeneity of antierythrocuprein serum. The agar double diffusion technic of Halbert, Swick and Sonn (7) was used as a criterion of immunologic homogeneity of both the purified erythrocuprein and the anti-erythrocuprein serum. Threetenths ml of either antiserum (undiluted or diluted 1: 1) or antigen (1 mg per ml in saline) was pipetted into each well. The agar plates were incubated at room temperature and observed at approximately 12-hour intervals for 3 to 12 days.
Erythrocuprein (E-I), prepared as described in the previous publication (1), and antiserum (AS-I) to (Figure 2d ). Erythrocuprein (E-I), to which CA had been added, reacted with AS-I to form two bands (Figure 2e ), indicating that the small amount of CA in the erythrocuprein (E-I) was not resolved in most instances by the agar diffusion technic.
Serial absorption of AS-I with CA resulted in an antiserum that no longer reacted with CA ( Figure 2f ). This absorbed antiserum (AS-I absCA) gave only one precipitin band when tested against E-I and H-F (Figure 2g) . rocyte copper (9); 4-mil aliquots of the erythrocyte suspension were hemolyzed by freeze-thawing three times and diluted to 25 ml with saline. The diluted hemolysate was cleared of stroma by centrifugation at 15,000 G for 30 minutes and stored at -400 C.
The erythrocuprein content of a 1-ml aliquot of the hemolysate was determined by the quantitative precipitin technic (10) . The anti-erythrocuprein serum (AS-II) was calibrated with erythrocuprein (E-II), as described previously (1) . Erythrocuprein was calculated from the calibration curve by the use of an erythrocuprein nitrogen value of 16.53 per cent. The copper in the erythrocyte associated with erythrocuprein was calculated by assuming an erythrocuprein copper content of 0.34 per cent (2) .
Evaluation of the imnnunochemical estimation of erythrocupreini. When erythrocuprein was added to hemolysates and the erythrocuprein concentration of each hemolysate was determined before and after addition of purified erythrocuprein, between 88 and 95 per cent of the added erythrocuprein was recovered. In an experiment designed to determine whether addition of copper to an erythrocyte suspension in vitro might influence the determination of erythrocuprein, no change was found in the erythrocuprein level, although the concentration of copper in the erythrocytes was increased 650 per cent.
To estimate the reproducibility of the immunochemical method for the measurement of erythrocuprein, blood was drawn from 20 normal male and female subjects, and the values obtained for duplicate samples were compared. The mean difference between duplicates was 2.7 per cent, with a range of 0 to 8.6 per cent. Aliquots were taken periodically over a 4-month period from a sample of diluted hemolysate during storage at -40°C. A definite trend of change in values with the period of storage was not observed.
Radioisotope incorporation studies. Copper64 was obtained from the Oak Ridge National Laboratories as cupric nitrate in 1 M nitric acid. Sodium hydroxide (5 N) was added to precipitate cupric hydroxide. The precipitate was washed with distilled water to remove sodium nitrate. The moist precipitate was dissolved in acetic acid and the solution evaporated to dryness. The dry cupric'-acetate (specific activity of approximately 600 mc per g) was dissolved and diluted with 0.85 per cent sodium chloride to a concentration of approximately 3 ,uc per ml.
All radioactive samples were counted in a well-type, thallium-activated sodium iodide crystal scintillation counter with an efficiency of 5 per cent for copper'. The radioactivity was expressed in counts per minute, corrected for background and decay. All batches of radiocopper were checked for decay rate, which was found to correspond to the expected half-life of 12.8 hours for copper'.
Fifty ml of freshly drawn blood was added to 12 ml of acid citrate dextrose anticoagulant solution; 1 ml of cupric"-acetate solution was then added. The mixture was incubated under sterile conditions at 370 C with constant shaking for various periods of time.
For the study of the transfer of radiocopper between plasma, erythrocytes and erythrocuprein, 2-ml aliquots of the incubation mixture were pipetted in duplicate into counting vials. Each vial was centrifuged and the plasma removed with care to avoid loss of erythrocytes. The cells were washed twice with saline, with the same precautions, and the packed cells were then frozen and thawed three times. The hemolysate was diluted to the original volume with saline and its radioactivity was determined. Throughout these steps the erythrocytes remained in the original counting vial.
For the study of the transfer of radiocopper between plasma and erythrocuprein, the procedure for the quantitative immunochemical measurement of erythrocuprein was modified to allow rapid precipitation of the antigen because of the short half-life of copper". After the radioactivity of the hemolysate had been determined, the hemolysate was transferred to a centrifuge tube. The erythrocuprein was precipitated by incubation of the hemolysate with 2 ml of antiserum at 370 C for 2 hours. After cooling to 40 C, the precipitate was collected and washed twice with cold saline. The precipitate was then dissolved in 1 N NaOH, the solution was diluted to 2 ml after transfer to a counting vial, and the radioactivity was determined. Supernatant tests indicated that only about 70 per cent of the erythrocuprein was precipitated under the conditions of these experiments.
To determine the specificity of the immunochemical precipitation of labeled erythrocuprein, the ability of normal rabbit serum and a foreign immune system to precipitate copper' from a labeled hemolysate was tested.
When 2 ml of normal rabbit serum was added to the hemolysate, no precipitate formed. Addition of 2 ml of rabbit anti-egg albumin serum, followed by an amount of crystalline egg albumin calculated to bring the system to the equivalence point, led to the formation of a copious precipitate. After washing with cold 0.85 per cent sodium chloride, the precipitate contained less than 3 per cent of the hemolysate radioactivity. The method of chromatography used for the preparation of erythrocuprein was modified for the partial separation of copper'-containing substances from a labeled stroma-free hemolysate. Diethylaminoethyl cellulose (DEAE-SF, California Biochemical Foundation) was washed with 1 N NaOH followed by 1 M NaCl. It vas then washed with 0.2 M sodium phosphate buffer, pH 6.0, until the eluate became free of chloride ion, then with demineralized water until free of phosphate ion and finally with 0.01 M sodium phosphate, pH 6.0. Twelve ml of hemolyzed packed cells, prepared from blood exposed to copper'-acetate for 8 hours at 370 C, was centrifuged at 144,000 G for 1 hour at 50 C to remove stroma. Five ml of the clear supernate was dialyzed, with stirring at 50 C for 1 hour, against 500 ml of 0.01 M sodium phosphate, pH 6.0. The dialysis was repeated twice and the equilibrated hemolysate was chromatographed on a 25 X 190 mm column of DEAE-celulose. Because of the short half-life of copper', a metering pump (Milton-Roy Minipump) was used to achieve an optimum flow rate of 60 ml per hour. Carboxymethyl-cellulose (CM-W, California Biochemical Foundation) was washed (5) and equilibrated with 0.01 M sodium phosphate buffer, pH 6.0. All fractions containing copper' that were eluted with 0.01 M phosphate from DEAE-cellulose were pooled and applied to a 25 x 600 mm column of CM-cellulose. The CM-cellulose was eluted in successive steps with 0.01 M sodium phosphate buffers at pH 6.2, 7.0, 7.3, 7.5, and 8.4. Tenml fractions of the effluent were collected and analyzed as described above.
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Other methods and material. Hematologic studies were performed by conventional methods (11) . Serum copper was measured by the method of Gubler and co-workers (12) and carbonic anhydrase by the method of Keilin and Mann (13) .
The normal subjects used in these investigations were laboratory and office personnel between the ages of 20 and 45. Blood samples were drawn from the individuals without regard to time of day or recent dietary intake.
RESULTS
Total copper and erythrocuprein in normal human erythrocytes. The volume of packed red cells (VPRC), serum copper concentration, total erythrocyte copper concentration and erythrocuprein concentration were determined in a single sample of blood from each of 20 normal subjects. The results are presented in Table I . The values for VPRC, serum copper and total erythrocyte copper are within the normal range of values reported previously from this laboratory (4, 9, 11).
The mean erythrocuprein concentration in normal individuals was 16 mg per 100 ml of packed erythrocytes. When the copper bound to erythrocuprein was calculated from the erythrocuprein concentration, slightly more than half of the erythrocyte copper was present as erythrocuprein copper. No significant difference between the sexes was noted in this regard.
To determine the degree of variation in total erythrocyte copper and erythrocuprein from week to week in a single individual, these two parameters were measured in two male and two female subjects (Figure 3 ). The variation in both measurements in a single individual during a period of 1 month approximated the variation found in the entire group of normal subjects and was greater than that found in replicate samples. A correlation was not observed between erythrocuprein and total erythrocyte copper in 41 paired determinations (R = + 0.23; p > 0.1).
Total erythrocyte copper and erythrocuprein in erythrocytes from patients with alterations in the concentration of serum copper. To investigate the influence of the level of serum copper on the concentrations of total erythrocyte copper and erythrocuprein, serum copper, total erythrocyte copper and erythrocuprein were measured in 17 patients with conditions known to be associated with alterations in serum copper (Table II) . In general, in spite of wide variations in serum copper (10 to 322 ,ug per 100 ml), the total erythrocyte copper and erythrocuprein concentrations did not differ from the normal. In one of the two patients with Wilson's disease and in one of the patients with idiopathic hypocupremia (14) (16, 17) , homogenates of human brain, liver and kidney were tested with rabbit anti-erythrocuprein serum. A single precipitin band identical with erythrocuprein was observed in each tissue.
Because the sensitivity of the agar diffusion tests was sufficient to show precipitin bands due to small amounts of blood trapped in the organ before homogenization, quantitative precipitin tests were performed on the supernates obtained from the homogenized tissues (Table III) . When the erythrocuprein concentration was corrected for trapped erythrocyte erythrocuprein by calculation from the concentration of hemoglobin in the homogenate, only 1 per cent or less of the total erythrocuprein could be accounted for by the trapped erythrocytes. The erythrocuprein copper in no case represented more than 10 per cent of the total copper found in the sample.
Transfer of copper64 between plasma, erythrocytes and erythrocuprein. To determine whether copper added to plasma could be detected in erythrocuprein, copper64-acetate was incubated with whole blood at 370 C for 12 hours. Aliquots of the incubation mixture were taken at 2, 4, 8 and 12 hours for determination of radioactivity in the mixture, in erythrocytes and in erythrocuprein (Figure 4 ).
In confirmation of earlier studies (18) , there was a rapid transfer of copper from plasma to erythrocvtes; 82 per cent of the radioactivity added The uptake curves are expressed as per cent of the total radioactivity added to the whole blood which was recovered in the erythrocytes and in the erythrocuprein.
to whole blood appeared in the erythrocytes in 12 hours. There was a slow transfer of radiocopper into erythrocuprein during this period. About 25 per cent of the radioactivity added was in erythrocuprein after 12 hours, but as mentioned previously, under the conditions of this experiment not all of the erythrocuprein was precipitated by the antiserum.
Separation of a second soluble erythrocyte copper component from erythrocuprein. Since the studies on the quantitative measurement of erythrocuprein indicated that all of the copper in erythrocytes could not be accounted for in this cuproprotein, an effort was made to separate a second soluble copper component from erythrocuprein.
Copper64-acetate was incubated with whole blood for 8 hours at 370 C. The erythrocytes were separated from the plasma, washed, and hemolyzed. The stroma was separated from the soluble hemolysate by centrifugation at 144,000 G for 1 hour at 50 C. An aliquot of the labeled stroma-free hemolysate was subjected to chromatography on DEAE-cellulose ( Figure 5 ). The fractions under the initial peak, eluted from the column by 0 stromia-free hemolysate. The fractions representing the peak were pooled and an aliquot was incubated with 2 ml of anti-erythrocuprein serum for 2 hours at 370 C. All of the radioactivity in the aliquot was precipitated by the specific antiserum. In three experiments, from 83 to 100 per cent of the total radioactivity added to the column was recovered in the fractions collected under the two peaks. The values on the ordinate refer to the corrected cpm found in each 10-ml effluent fraction.
When the pooled fractions representing the initial peak of radioactivity eluted from the DEAEcellulose were subjected to chromatography on CM-cellulose, all the copper64 recovered from the CM-cellulose appeared immediately in the pH 6.2 effluent (Figure 6 ). This effluent contained all the carbonic anhydrase activity of the original hemolysate. Most of the hemoglobin was adsorbed by the CM-cellulose under these conditions, although the effluent exhibited slight absorbance at 540 mit. The fractions representing the radioactive peak were pooled, dialyzed, and lyophilized. (19) . It was noted that the concentration of copper in the erythrocytes of such swine decreased rapidly early in the course of the deficiency from a level of 110 ug per 100 ml of packed cells to approximately 67 ug. Thereafter, in spite of the severity of the copper deficiency there was little further decrease in the erythrocyte copper concentration. Bush and colleagues (18) noted in a later study that when radiocopper was incubated with normal human erythrocytes for 15 to 30 minutes, radiocopper moved rapidly into and out of the erythrocytes; this fraction of erythrocyte copper was referred to as the "labile pool." However, when erythrocytes were incubated with radiocopper for 24 hours, the radiocopper was transformed in part into a fraction that turned over much more slowly; the copper in this fraction was referred to as the "stable pool."
In the same study (18) 10 per cent of the total organ copper. Erythrocuprein, on the basis of physicochemical properties, is quite similar to the brain copper protein, cerebrocuprein I, isolated by Porter and Folch (17), but until highly purified cerebrocuprein has been tested against anti-erythrocuprein serum, the identity of these two cuproporteins must remain uncertain. Erythrocuprein can be distinguished from the human hepatocuprein, isolated recently by Shapiro, Morell and Scheinberg (20) , on the basis of differences in molecular weight and copper content. SUMMARY 1. A chromatographic method for the preparation of immunologically homogeneous erythrocuprein has been described. The physical and chemical properties of the erythrocuprein isolated were similar to those of the erythrocuprein isolated previously.
2. The erythrocuprein concentration was determined by the precipitin technic in erythrocytes. from 20 normal subjects. The mean value ± 1 SD was 16 ± 2.9 mg per 100 ml of packed cells. Since erythrocuprein contains 3.4 ug of copper per mg of protein, the copper in erythrocuprein accounts for about 60 per cent of the total erythrocyte copper.
3. Quantitative and qualitative study of erythrocuprein in erythrocytes from patients with a variety of disorders failed to disclose alterations from the normal. The concentration of erythrocuprein was independent of alterations in the concentration of serum copper. 4 . Erythrocuprein was detected in human brain, liver and kidney. 5 . Hemolysates of pig, rabbit, chicken and bovine erythrocytes failed to react with antihuman erythrocuprein rabbit serum in the agar diffusion system. A reaction of partial identity was obtained with a hemolysate of squirrel monkey (Saimiri sciureus) erythrocytes.
6. A second erythrocyte copper fraction has been separated from erythrocuprein by chromatography on diethylaminoethyl-cellulose and from hemoglobin by chromatography on carboxymethylcellulose. The nature of the copper compound(s) in this fraction is unknown.
7. When radiocopper was incubated with whole blood, radioactivity was detected both in the
